ABSTRACT: Newborn screening allows the diagnosis of congenital adrenal hyperplasia (CAH) before symptoms appear, preventing the severe and potentially life-threatening crisis associated with this disease in infancy. Traditional screening by enzyme immunoassay results in a large number of false positives. To reduce the number of unnecessary tests, anxiety to families and physicians, and the burden to the newborn screening follow-up program, we implemented a second-tier test for CAH using steroid profiling by an ultraperformance liquid chromatography-tandem mass spectrometry. We measured three steroids: 17-hydroxyprogesterone, androstenedione, and cortisol and correlated them with the age of infant at the time of sample collection and birth weight. Both age at collection and birth weight affected the levels of adrenal steroids, but the use of appropriate cut offs and analyte ratios allowed the identification of infants with CAH. This approach was effective in identifying infants with CAH, with both salt-wasting and simple virilizing forms, while reducing the false-positive rate from 2.6 to 0.09%. (Pediatr Res 66: 230-235, 2009) C ongenital adrenal hyperplasia (CAH) is a group of autosomal recessive disorders caused by defects in adrenal steroid biosynthesis. The most common form, accounting for 90% of CAH cases, is caused by alterations in the CYP21 gene, resulting in absent or decreased activity of 21-hydroxylase (1), the enzyme that converts 17-hydroxyprogesterone (17-OHP) to 11-deoxycortisol and progesterone to deoxycorticosterone. Impaired activity of this enzyme results in increased 17-OHP, defective synthesis of cortisol and mineralcorticoids, increased synthesis of androstenedione, and decreased central feedback (increased production of adrenocorticotropic hormone) resulting in adrenal hyperplasia, virilization, and salt-wasting crisis, which can be lethal (2).
C ongenital adrenal hyperplasia (CAH) is a group of autosomal recessive disorders caused by defects in adrenal steroid biosynthesis. The most common form, accounting for 90% of CAH cases, is caused by alterations in the CYP21 gene, resulting in absent or decreased activity of 21-hydroxylase (1), the enzyme that converts 17-hydroxyprogesterone (17-OHP) to 11-deoxycortisol and progesterone to deoxycorticosterone. Impaired activity of this enzyme results in increased 17-OHP, defective synthesis of cortisol and mineralcorticoids, increased synthesis of androstenedione, and decreased central feedback (increased production of adrenocorticotropic hormone) resulting in adrenal hyperplasia, virilization, and salt-wasting crisis, which can be lethal (2) .
All states in the United States currently screen newborns for CAH; most measure 17-OHP in blood spots using commercial enzyme immunoassay (EIA) kits (3) (4) (5) . This methodology, however, causes a great number of false-positive results due to the lack of antibody specificity and high cross-reactivity with other endogenous compounds (6, 7) . In addition, increased serum concentrations of 17-OHP are associated with low birth weight and illness, causing an even higher incidence of falsepositives in the premature and sick infant population. Adjusting the cut off of 17-OHP for gestational age and birth weight improves the specificity of the test (8, 9) . Despite this reduction in the number of false-positive results, particularly among the low birth weight infants, CAH screening still has the lowest predictive value among newborn screening tests when measurement of 17-OHP concentration alone is used (10 -12) .
As an alternative to immunoassay, gas chromatographymass spectrometry and liquid chromatography-tandem mass spectrometry (LC-MS/MS) can detect individual steroids and, therefore, alleviate the issues of cross reactivity and specificity, but these methods require derivatization of samples, and they are more time consuming (13) (14) (15) (16) (17) (18) (19) (20) . Second-tier tests (i.e. tests performed on the same specimen used for a primary screen) using steroid profiling by LC-MS/MS can significantly increase the specificity and sensitivity of CAH newborn screening (21) (22) (23) (24) . With this approach, the concentration of 17-OHP is measured by LC-MS/MS, and, after extraction with organic solvents, it is compared with the concentrations of other steroids in the affected pathways to further reduce the number of false-positive screens (21) (22) (23) (24) . Patients with CAH have elevated 17-OHP and androstenedione, with a relatively low cortisol, resulting in a markedly increased ratio of (17-OHP ϩ androstenedione)/cortisol. The use of this ratio helps eliminate most of the infants with elevated 17-OHP because of stress, illness, or prematurity (21) (22) (23) (24) .
Additional steroids, such as 11-deoxycortisol and 21-deoxycortisol, can be monitored using LC-MS/MS to detect the additional 5% of patients with CAH due to deficiency of 11-hydroxylase, which converts 11-deoxycortisol to cortisol and deoxycorticosterone to corticosterone (23, 24) . Additional ratios using these steroids have been shown to be helpful in identifying these infants (23, 24) .
In this study, we simplify the extraction and optimize the quantitation of 17-OHP, androstenedione, and cortisol to improve an existing method (21, 22) . The ratio between the steroids that accumulate in CAH (17-OHP and androstenedione) and cortisol was calculated using concentrations of analytes rather than peak areas, which greatly improves specificity. The availability of true concentrations (rather than peak areas) of these steroids enabled us to determine their changes with age and birth weight in infants that required second-tier testing. A major improvement of our method was the use of an ultra performance LC-MS/MS (UPLC-MS/MS) system. The use of UPLC increased resolution, sensitivity, and speed of analysis, resulting in complete separation of 17-OHP, androstenedione, and cortisol in less than 3 min, a significant step that would allow the use of this technique as the primary screen for CAH.
METHOD
This protocol was reviewed by the University of Utah and the Utah Department of Health Investigational Review Boards and classified as exempt. No informed consent was required from the participants. All blood spots of infants born in Utah are tested for CAH using an EIA (Neo-Genesis Accuwell, Clackamas, OR) method as a primary screen that measures the concentration of 17-OHP. Blood spots with elevated 17-OHP by this primary screen are submitted for steroid profiling by UPLC-MS/MS. We have evaluated the results obtained in 13 mo of screening using this method.
Samples. All samples used in this study came from the Utah Newborn Screening Program and was collected in the first week of life. Infants were divided in three groups based on birth weight: group 1, less than 1500 g; group 2, between 1500 g and 2500 g; group 3, greater than 2500 g. Blood spots obtained from the Centers for Disease Control and Prevention were used as quality controls for the validation of the method.
Sample analysis. Calibrators of the three steroids were prepared in whole blood at different concentrations and spotted on filter paper. Approximately 4.8-mm (3/16Љ) punches from blood spots of calibrators, controls, and samples were extracted with 200 L extraction solution (80:20 acetonitrile:water), containing deuterated internal standards for each analyte in a flat bottom 96-well plate. The plate was covered and agitated vigorously for 30 min in a microplate shaker, then centrifuged for 10 min at 1500 ϫ g. The extract was then transferred to a 1-mL V-bottom 96-well plate (Waters, Chicago, IL) and dried under gentle nitrogen flow using a SPE-Dry 96 Nitrogen evaporator (upper manifold at 50°C and lower manifold at 70°C). The dry residue was reconstituted with 50 L of 10% acetone in water. The plate was then sealed with a clear film heat seal, agitated in a microplate shaker for 30 min, and centrifuged at 1500 ϫ g for 10 min. Fourteen microliters of the mixture was injected in the UPLC for chromatographic separation followed by MS/MS detection. The 17-OHP, d 8 -17-OHP, androstenedione, d 7 -androstenedione, cortisol, and d 4 -cortisol were used as standards and internal standards, respectively, to build a calibration curve each time the assay was run.
A Waters Acquity UPLC system (Milford, MA) was used in this study for the chromatographic separation. Cortisol, androstenedione, and 17-OHP were chromatographically resolved using a reverse phase column (Acquity UPLC BEH C 18 , 1.7 m, 2.1 ϫ 50 mm, and 0.2 m in-line precolumn filter). The LC separation was performed using a linear gradient from 60% of mobile phase A (water ϩ 0.05% formic acid) and 40% of mobile phase B (100% methanol) to 70% mobile phase A and 30% mobile phase B over 3 min with a flow rate of 0.6 mL/min. The column temperature was maintained at 40°C throughout the separation. The detection and quantitation were achieved by MS/MS using a Waters Quattro Premier XE tandem spectrometer.
The mass spectrometer was equipped with an electrospray source operating in positive ionization mode. The samples were analyzed in selective reaction monitoring mode using three different channels, the transitions monitored were cortisol (quantifier, qualifier): 363. Statistical analysis. Statistical analysis of the data were performed using GraphPad Prism, version 5.01(La Jolla, CA). One-way ANOVA nonparametric analysis (Kruskal-Wallis test) was applied to determine the significance (p Ͻ 0.01) of the results. Linear regression analysis was performed using the same program to determine the correlation between the steroids concentration and the age or the birth weight of the infants.
RESULTS
The separation of the three steroids by UPLC was achieved within 3 min (Fig. 1) . Cortisol, androstenedione, and 17-OHP were easily separated, and the use of three internal standards allowed the accurate quantitation of each analyte. The assay was linear up to 4440 ng/mL serum for all three analytes (cortisol, androstenedione, and 17-OHP), with a limit of detection of 1.7 ng/mL serum and a limit of quantitation of 3.5 ng/mL serum. The recovery was greater than 90% for all three analytes. Within-run and between-run imprecision was less than 10%.
During the 13 mo in which this method was used, 64,615 infants were screened by EIA for CAH. Approximately 1% of the infants screened weighted Ͻ1500 g (group 1, n ϭ 670), 6.2% weighted 1500 -2500 g (group 2, n ϭ 4011), and 92.8% weighted Ͼ2500 g (group 3, n ϭ 59,934). A total of 2.6% of the infants screened (n ϭ 1709) had an abnormal primary screen for CAH (EIA of 17-OHP above the cut off, adjusted for birth weight) requiring second-tier test by steroid profiling using UPLC-MS/MS. In this group of infants, 146 infants (8.5%) belonged to group 1, 610 infants (35.7%) to group 2, and 953 infants (55.8%) to group 3. Among the infants with abnormal primary screen, the median age at which the screening sample was collected was 2 d, with 92.6% of samples collected by 3 d of age. Our criteria for a positive second-tier test, requiring additional confirmatory studies and referral to the pediatric endocrinologist, was a level of 17-OHP greater than 12.5 ng/mL of serum and a concentration ratio of (androstenedione ϩ 17-OHP)/cortisol greater than 1.0. Of the positive infants after the second-tier test, 8.9% in group 1 (n ϭ Figure 1 . Second-tier test by UPLC-MS/MS for CHA. Steroid profiles of normal infant (A) and CAH infant (B) were obtained with a mass spectrometer equipped with an electrospray source operating in the positive ionization mode. The samples were analyzed in the selective reaction monitoring mode using different transitions for the deuterated standards (not shown) and the natural compounds (see Methods Section). Internal standards were used for quantification, and the two panels are shown with the same scale. 13), 6.2% in group 2 (n ϭ 38), and 1.4% in group 3 (n ϭ 13) had an abnormal result and required additional confirmatory tests and referral to the pediatric endocrinologist. Of these 64, six infants were confirmed with CAH (1:10,769), five with the salt wasting and one with the simple virilizing variants (Fig.  2) . Of the six cases, four were males and two were females. Both females were identified clinically by ambiguous genitalia at birth. One of the six infants had an abnormal first screen (possibly related to prematurity) but a normal level of 17-OHP (Ͻ12.5 ng/mL) with second-tier testing. However, the ratio of the concentrations of 17-OHP ϩ androstenedione/cortisol was elevated to 6.7. This infant had received corticosteroids for management of respiratory problems before the collection of the sample. For this reason, second-tier tests with a concentration ratio greater than 4, regardless of the level of 17-OHP, were included among positive cases. This additional group increases the possibility of identifying infants who have received corticosteroids before collection of the newborn screen sample. In the 13 mo of this study, 10 infants, including the infant with CAH, fell into this category. Even including the additional infants identified with the increased ratio, the falsepositive rate for the newborn screening was reduced from 2.64 to 0.09%. To our knowledge (Utah has a single central referral center), no cases were missed by this technique.
The strategy of steroid profiling by UPLC-MS/MS after a first abnormal screen by EIA significantly reduced the falsepositive rate of newborn screening for CAH and, consequently, reduced the number of additional and unnecessary tests. It also reduced the anxiety to families and physicians who have to respond to the false-positive screens and significantly reduced the burden to the newborn screening follow-up program responding to an abnormal screen.
The 17-OHP levels, measured by EIA, decrease with increasing birth weight and increasing age at collection (11) . We evaluated the concentrations of 17-OHP, androstenedione, and cortisol in infants without CAH in our population as a function of birth weight and age at the time of collection. Androstenedione did not change significantly with birth weight (data not shown). By contrast, there were significant changes of both 17-OHP and cortisol with increasing birth weight (Fig.  3) . When infants were divided into the three groups based on birth weight, the decline in cortisol levels occurred in infants weighing Ͻ1500 g, whereas the levels stabilized (1500 -2500 g) or slightly increased in infants weighing Ͼ2500 g (Fig. 3 , middle panels). For 17-OHP, a significant decline occurred in infants weighing Ͻ2500 g, whereas the levels stabilized in infants weighing Ͼ2500 g (Fig. 3, upper panels) .
There was no significant correlation between androstenedione or 17-OHP and infant age at collection (data not shown). By contrast, cortisol significantly declined with increasing infant age (Fig. 3, lower panels) . When the three groups of infants were analyzed, a significant negative correlation was observed in groups 2 (birth weight 1500 -2500 g) and 3 (birth weight Ͼ2500 g), but not in group 1 (birth weight Ͻ1500 g).
The ratio 17-OHP/cortisol can identify patients with CAH. It has been applied mainly to studies done in plasma; very few data are available on the use of this ratio in newborns' blood spots (23) . In our population, there was a significant (p Ͻ 0.05) correlation between the ratio of 17-OHP/cortisol and both infant age at sample collection (increase with age) and birth weight (decrease with increasing birth weight), making this ratio less useful as a discriminant (Fig. 4) . By contrast, the ratio of (17-OHP ϩ androstenedione)/cortisol did not change significantly with either age at collection or birth weight (Fig.  4) . For completeness, we also evaluated the ratio of androstenedione/cortisol. Although this ratio did not change significantly with either age at collection or birth weight (Fig. 4) , the level of androstenedione varied widely, often falling close to the limit of quantitation, whereas cortisol was often, especially in the smallest infants, very high, resulting in an extremely low value of the ratio.
The average concentration of androstenedione among the three birth weight groups was not significantly different, whereas the concentration was significantly increased in infants with CAH compared with controls (Fig. 5 , p Ͻ 0.01) in all groups (Fig. 5A) . The mean and median concentrations of 17-OHP decreased with increasing birth weight and were significantly (ANOVA, p Ͻ 0.01) higher in CAH infants than in unaffected infants, independent from birth weight (Fig. 5B) . The cortisol concentration did not change significantly with birth weight but was significantly lower in infants with CAH than in unaffected infants (Fig. 5C ) in all groups.
Both the 17-OHP/cortisol and the (17-OHP ϩ androstenedione)/cortisol ratio were significantly higher in infants with CAH compared with unaffected infants of any birth weight ( Fig. 5D and E) . In addition, the androstenedione/ cortisol ratio was significantly higher in infants with CAH than in unaffected infants (Fig. 5F ). 
DISCUSSION
Neonatal screening can identify infants at risk for CAH but results in a large number of false positives when only 17-OHP (measured with EIA methods) is used as marker. Correction for gestational age and birth weight reduces the number of false positives (10, 11) , but still a large number of samples have an elevated concentration of 17-OHP, resulting in intense follow-up activities to confirm the diagnosis. The use of LC-MS/MS for steroid profiling as a second-tier test improves the specificity of the neonatal screening for CAH (21) (22) (23) (24) . In this study, we further improve the specificity of steroids profiling using UPLC. This technology improved the separation and reduced the time of analysis (Fig. 1) . In addition, we used analyte concentrations (rather than peak areas) of analytes in the calculation of the ratio of (17-OHP ϩ androstenedione)/cortisol. This was possible by incorporating internal standards for each steroid measured and resulted in better reproducibility and consistency of ratios. Using this approach, the positive predictive value of CAH screening improved significantly from 0.4% with EIA to 9.4% with second-tier test by UPLC-MS/MS. This represents an improvement even when compared with the published positive predictive value of 4.7% of the original method (22) .
In our population, the highest percentage of abnormal, first screening results for CAH (146 of 670 or 21.8%) was in the group of infants with the lowest birth weight (Ͻ1500g) followed by those with intermediate birth weight (1500 -2500 g, 610 of 4011 or 15.2%) and those with the highest weight (Ͼ2500 g, 953 of 59,934 or 1.6%). This persisted even after second-tier testing, with 13 of 670 infants (1.9%) with the lowest birth weight (Ͻ1500 g) remaining abnormal compared with 38 of 4011 (0.95%) for the group with the intermediate weight (1500 -2500 g), and 13 of 59,934 (0.02%) for the group weighting Ͼ2500 g. This is not surprising, considering that smaller infants are most likely to have immature adrenal function and to be ill or stressed, conditions that will increase the level of 17-OHP. This was supported by our measurement of 17-OHP and the observed decline with an increased in birth weight (Fig. 3) . In all cases, infants without CAH were well separated from infants with CAH when the ratio of (17-OHPϩ androstenedione)/cortisol was used to discriminate (Figs. 2  and 5) . The relatively few infants with a persistent elevated ratio probably have delayed expression of enzymes, such as 11-hydroxylase, involved in steroid synthesis. The evaluation of different ratios has confirmed that the (17-OHP ϩ androstenedione)/cortisol ratio is the best discriminant for CAH (22) . If additional steroids are measured as part of the screening, such as 11-and 21-deoxycortisol, other ratios could be considered (23, 24) .
The major confounding factor in our experience is the administration of steroids before sample collection. One infant with CAH, who received corticosteroids before the collection of the newborn screen sample, had a normal level of 17-OHP (7.3 ng/mL serum) but a markedly elevated ratio of (17-OHP ϩ androstenedione)/cortisol (6.7). This might be explained with response to corticosteroids and timing of sample collection. Except for this infant, all confirmed CAH cases were full-term (Ͼ2500 g birth weight) and not sick at the time of sample collection. Their 17-OHP concentration and steroid concentration ratio were in the highest percentile of their birth weight group. To possibly identify potential missed cases of CAH or milder variants of CAH, we are following up all infants with a (17-OHP ϩ androstenedione)/cortisol ratio greater than 4 to see if they received corticosteroids before collection of the sample. However, other causes of false-negative results might not have been identified in this study, for example, infants of mothers who received corticosteroids close to the time of delivery. Primary care physicians should be aware of this and should evaluate a child for CAH despite a normal screen result in such cases.
There was a wide range of 17-OHP concentration in infants with CAH, with the minimum value of 7.3 ng/mL serum and a maximum value of 1054 ng/mL serum. The highest values were associated with salt-wasting forms of CAH. Among the unaffected infants, the range of concentration of 17-OHP was equally wide, with the highest values in the infants with the lowest birth weight as previously observed (Figs. 3 and 5 ). For cortisol, the decline in concentration was significant only in infants weighting Ͻ1500 g, although the average cortisol concentration was higher in smaller infants (Fig. 5) . This suggests that smaller infants remain significantly stressed and continue to produce more cortisol at least up to 7 d of age. By contrast, cortisol production declines in older infants as they recover from the stress of birth.
It was interesting that 93% of infants requiring additional testing (with an abnormal second-tier test result) were admitted to neonatal intensive care units because of prematurity or illness. This fact can also explain the positive correlation between cortisol and birth weight in group 3 (Ͼ2500 g, Fig. 3 ). The majority of these infants were admitted to neonatal intensive care units because of illness. Therefore, this group represents a population of stressed infants, explaining the higher cortisol.
Only the concentration of cortisol changed significantly with the time at which the sample was collected (Fig. 3) , whereas no significant correlation was observed with17-OHP or androstenedione (Fig. 3 ). Despite changes with birth weight and time of collection, the different ratios among steroids remained relatively constant (Fig. 4) , with the (17-OHP ϩ androstenedione)/cortisol ratio providing the best discriminant in infants with CAH (Fig. 5) .
In summary, our data show that the highest rate of false positive is observed in the lowest birth weight and sick infants. The use of second-tier testing, although not completely eliminating false-positive results, greatly reduces the number of false-positive screens and the number of additional tests to prove or disprove the diagnosis.
